Palaeopalaemon newberryi Whitfield, 1880 is redescribed based upon a large collection of specimens including those collected in the nearly 40 years since P. newberryi was last evaluated. Previously undescribed aspects of its morphology include a large, pectinate maxilliped; the dactylus of pereiopod I; a triangular sternal field; well-preserved antennae, including an endopod with an antennulate flagellum; and a broad, roughly triangular scaphocerite. Phylogenetic analysis supports the position of P. newberryi as a lobster and suggests that Palaeopalaemonoidea is the sister taxon of Polychelida. Palaeopalaemon newberryi is distinct from Angustidontus, and pectinate claws shared by the two taxa may be a convergent morphology and not phylogenetically informative. Palaeopalaemon newberryi probably exhibited a benthic habit.
INTRODUCTION
Palaeopalaemon newberryi Whitfield, 1880 was the first Devonian decapod crustacean recognized (Schram et al., 1978) . Although included in the polyphyletic taxon Eocarida Brooks, 1962, P. new- berryi was re-evaluated by Schram et al. (1978) , transferred to Reptantia, and hypothesized to occupy a basal position within that clade, based on retention of characters suggestive of numerous lobster infraorders. The decapod affinity of Palaeopalaemon has been questioned (Rolfe & Dzik, 2006) in their detailed study of the crustacean Angustidontus Cooper, 1936 .
Palaeopalaemon newberryi has not been re-evaluated in detail since the study of Schram et al. (1978) . Since that time, numerous specimens have been collected, some of which reveal previously undescribed aspects of the morphology of P. newberryi, such as the antennal flagellum, the presence of a colossal pectinate maxilliped, and the shape of the sternal field.
We redescribe Palaeopalaemon newberryi based on specimens from the Late Devonian Chagrin Shale Member of the Ohio Shale in northeast Ohio, as well as those from the Late Devonian Burlington Shale in Iowa. We also evaluated the systematic position of P. newberryi by conducting a phylogenetic analysis with updated coding, using the character matrix developed by PHYLOGENETIC ANALYSIS A phylogenetic analysis was conducted using the character matrix of Karasawa et al. (2013) with revised coding for Palaeopalaemon, based on data obtained from older as well as new specimens collected in the last 40 years. The analysis was run in TNT 1.1 using the FUSE algorithm and deriving trees from random addition sequences, with 10 random addition sequences at each step. Characters were treated as unordered and with equal weight and 7,075,480 rearrangements were examined. Revised coding for Palaeopalaemon is included in Table 1 .
The analysis yielded two most parsimonious trees (MPTs) of 290 steps, with a consistency index of 0.376 and retention index of 0.828. In both MPTs, the strict consensus tree (Fig. 1) , and the fifty percent "majority rule" consensus tree, Palaeopalaemon resolved as the sister group to Polychelida Scholtz & Richter, 1995, which in our analysis included Polycheles Heller, 1862; Coleia Broderip, 1835; Tetrachela, Reuss, 1858; Palaeopentacheles Von Knebel, 1907; and Eryon Desmarest, 1822. Topologies recovered herein are consistent with that of Karasawa et al. (2013) in placing Palaeopalemon as basal within the lobster-like groups. The sister-group relationship of Palaeopalaemonida Schram & Dixon, 2004 , with the Polychelida, is supported. An earlier analysis by Schram & Dixon (2004) in which Palaeopalaemonida was sister to a clade including achelates, anomalans, and brachyurans was not supported, although our analysis did not include members of the latter two groups. Results presented by Karasawa et al. (2013) and this study are consistent in supporting inclusion of Palaeopalaemon in Decapoda.
SYSTEMATIC PALEONTOLOGY
Order Decapoda Latreille, 1802
Remarks: The position of Palaeopalaemon as a decapod is defensible from a morphological perspective. The number of ambulatory thoracopods (pereiopods) supports inclusion in Decapoda. Although few Palaeopalaemon specimens include pereiopods II-V, those that do lack evidence of additional pereiopods or evidence of spaces that could have been occupied by other pereiopods (Fig. 2C-D) . Additionally, pereiopod I, when preserved, appears to insert just anterior to pereiopod II, further suggesting that additional pereiopods were not present (Figs. 2C-G, 3E). The presence of five pairs of pereiopods, with thoracopods I-III modified as maxillipeds, is a key synapomorphy of Decapoda (Glaessner, 1969: R417; Davie, 2002) . Although the appendage here considered to be the third maxilliped differs from all known decapod maxillipeds, it is clearly one of the first three differentiated thoracic appendages, and thus suggestive of a decapod affinity of Palaeopalaemon. The presence of a pseudochelate, hypertrophied pereiopod I is also suggestive of a decapod affinity ( Fig. 4) .
Evidence of cephalothoracic fusion, including the presence of characteristic decapod carapace groove patterns, supports placement in Decapoda. Complete fusion of the carapace with all cephalic and thoracic tergites is a nearly universally recognized synapomorphy of Eucarida (Moore, 1969; Davie, 2002) , but one that is often difficult to identify in the fossil record (Jones et al., 2016) . Jones et al. (2016) asserted that complete cephalothoracic fusion with the carapace can be recognized in fossils by identifying evidence of a decapod-like skeletal endophragm, i.e., reduction of the thoracic pleurites such that they mirror the shape of the skeletal apodemes (cuticular infoldings) along the pleurite boundaries (see Fig. 5A -B and Jones et al., 2016: fig. 1 ). The presence of such endophragmal pleurites has been demonstrated in Palaeopalaemon (Jones et al., 2016: fig. 1) ( Fig. 5A, B ).
Characteristic decapodan groove patterns are also strong evidence for complete cephalothoracic fusion with the carapace. Groove homologies between decapod groups are difficult to establish. Some generalizations can nevertheless be made pertaining to carapace grooves in the "higher" decapods (lobsters, anomurans, and brachyurans). Decapod groove patterns tend to be complex, mirroring regionalization within both the cephalon and thorax (see Glaessner, 1969: R403-406) , not just tagmatization of the cephalon and thorax, as is the case for the cervical groove (Stachowitsch, 1992) . External reflection of regionalization within the thorax, e.g. the branchiocardiac groove, is nearly unequivocal evidence of complete cephalothoracic fusion. The branchiocardiac groove is clearly distinguishable in Palaeopalaemon. Schram & Dixon, 2004 Family Palaeopalaemonidae Brooks, 1962 Genus Palaeopalaemon Whitfield, 1880 Type species: Palaeopalaemon newberryi Whitfield, 1880, by original designation and monotypy.
Infraorder Palaeopalaeomonida
Diagnosis: Carapace cylindrical; rostrum distinct, simple; cervical, postcervical, branchiocardiac, antennal, gastro-orbital, hepatic grooves distinct; medial, mediolateral, branchial, lateral carinae present. Sternal field triangular. Pleon without median ridge or keel; pleomere II about equal to pleomere III; pleura triangular, separated from terga by sharp demarcation. Telson triangular, much longer than wide; exopod of uropod without diaeresis. Scaphocerite present, broad. Pereiopod I pseudochelate, much longer than pereiopods II-V; pereiopods II-IV subchelate; pereiopod V with terminal dactylus (emended from Karasawa et al., 2013 and Feldmann et al. 2013a) . Whitfield, 1880 (Figs. 2-10) Palaeopalaemon newberryi Whitfield, 1880 : 41. -Hall & Clarke, 1888 : 203, pl. 30, figs. 20-23. -Whitfield, 1891 1892: 237; 1893 : 461, pl. 8, figs. 19-21. -Ortmann, 1897 : 288. -Weller, 1900 : 69. -Walter, 1917 1925 : 331. -Beurlen, 1930 , 443, fig. 63. -Laudon, 1931 : 358. -van Straelen, 1931 : 30. -Shimer & Shrock, 1944 : 697, pl. 294, fig. 12. -Howell, 1957 fig. 1 . -Brooks, 1962: 221, pl. 49, figs. 1-3, pl. 50, figs. 1-8, pl. 51, fig. 5, pl. 9, fig. a; : R342, fig. 158a-b. -Sturgeon et al., 1964 : 55, pl. 5, figs. 4-6. -Schram, 1969 1974: fig. 4a; 2009 : 4, fig. 2. -Schram et al., 1978 : 1378 , pl. 1, figs. 1-6, pl. 2, figs. 1-6, pl. 3, figs 1-6, text-figs. 3, 4. -Feldmann et al., 1978 fig. 9 ; 2013a: 1, fig. 1 . -Hannibal & Feldmann, 1985 : 10, figs. 1-3. -Schram & Dixon, 2004 : 12. --Karasawa et al., 2013 fig. 6 .
Palaeopalaemon newberryi
Palaeopalaemon iowensis -Walter, 1917: 123, pl. 5a; 1925 : 327, pl. 27, fig. 1. -Moore, 1928 : 31. -van Straelen, 1931 -Roger, 1953 : 319. Palaeopalaemon elleri -Howell, 1957 fig. 1 . Palaeopalaemon elegans - Sturgeon et al., 1964: 55, pl. 5, figs. 4-6. Holotype: AMNH 5514G, which has been missing since at least 1962 (Bushra Hussaini, personal communication, 2015) . We have elected not to choose a neotype at this time in hopes that the holotype will be located.
Material examined: Extensive collections of Palaeopalaemon newberryi are housed in the Cleveland Museum of Natural History and the Department of Geology paleontology collection at Kent State University.
Diagnosis: As for family. Description: Rostrum, although rarely preserved, long, robust ( Fig. 2H ). Approximately two-thirds the length of carapace ( Fig. 2H ) in only specimen retaining complete rostrum, extending into dorsal keel reaching posterior margin of carapace.
Carapace subcylindrical, with sharply defined flanks, raised lateral border, strongly defined anterolateral corners ( Fig. 6A, B ). Carapace cuticle coarsely granular anterior to branchiocardiac groove, scabrous posterior it ( Fig. 6B) .
Cervical, post-cervical, branchiocardiac, gastro-orbital, hepatic grooves present ( Fig. 6A, B ). Cervical groove arises in anterolateral position on lateral carapace margin, continuing dorsad, slightly posterior to antennal carina, forming posteriorly convex, cuspate shape. On dorsal carapace surface, cervical groove grades into posteriorly convex, cuspate gastro-orbital groove that defines anterolateral carapace corner, tangentially approaching rostrum medially. Postcervical groove initiates slightly medial to branchiocardiac groove, at approximately anteriormost extremity of branchiocardiac groove, continuing ventrally and anteriad until becoming indistinct at posterior margin of cervical groove, where junction of 2 grooves forms acute angle. Branchiocardiac groove arises slightly posterior to initiation of postcervical groove, continuing posteriad, subparallel to lateral carapace margin, terminating at approximately 50% of axial carapace length.
Medial, branchial, lateral, antennal carinae present ( Fig. 6A , B). Medial carina originates along posterior carapace border, continuing anteriad, defining medial-dorsal carapace surface for entire length of thorax. Medial carina grades into rostrum at approximate axial position of cervical groove. Branchial carina originates slightly anterior to posterior carapace border, continues anteriad, disappearing along posterior margin of post-cervical groove, at approximate position of juncture with cervical groove. Lateral carina originates just anterior to posterior carapace border, continuing anteriad, slightly medial to lateral carapace border, disappearing along posterior margin of hepatic groove. Antennal carina originates anterior to cervical groove, continuing anteriad just medial to lateral carapace margin, disappears along anterior carapace margin, partly defining prominent anterolateral corner of carapace.
Antennule bears robust basis (Fig. 3A, B ). The number of basal segments is unclear (Fig.3A, B Six thoracopods, maxilliped III, 5 appendages interpreted as pereiopods, present . Maxilliped III carried anteriorly, composed of 2 robust basal podomeres, slender but deep (in dorsoventral aspect), rake-like section (Figs. 2A, B, H; 4; 7A, B) . Basalmost podomere quadrangular in lateral aspect, elliptical in cross-section. Length, nature of articulation with body wall unknown. The more distal podomere also quadrangular in lateral aspect, markedly elliptical in cross-section, tapering distally terminating in articular facet for rake. Rake-like section of maxilliped bears single row of extremely sharp, closely spaced denticles ( Figs. 2A, B, H; 4) . Denticles exhibit arrangement whereby 2 relatively small denticles followed in series by denticle approximately 3× their height, width. Denticles fixed, rather than articulated, like those of aegerid dendrobranchs. Size of both large, small denticles increases gradually from most proximal to most distal portion of rake. The terminal spine of rake rarely preserved, particularly prominent, present on USNM 617308 and 618374, KSU 3083, CMNH 4106, and CMNH 6890. Terminal spine appears to articulate with remainder of rake may represent dactylus. If so, remainder of the rake-like section represents either the propodus or fused carpo-propodus, as seen in some mysids. Podomeres of maxilliped cannot be identified with certainty. Pereiopod I frequently relatively identifiable but only well-preserved on USNM 617308, 617309 and KSU 2614 ( Fig. 2E ; 3C, G; 4). Pereiopod I greatly enlarged relative to pereiopods II-V appearing to have been borne anteriorly (Figs. 2E; 3C-G; 4). Merus preserved but could not be evaluated in detail. Carpus approximately 2/3 length of propodus, not well preserved ( Fig. 2E ). Propodus roughly trapezoidal in lateral aspect, elliptical in transverse section ( Fig. 2A) .
Dactylus preserved on USNM 617309, KSU 2614, falciform, apparently occluding with anterior surface of propodus to form pseudochela (Figs. 3C, G). Pereiopods II-IV rarely preserved, present on USNM 706618, UI 10756, CMNH 7338. Only propodi, dactyli well preserved. Pereiopods II-IV may have been subchelate, borne close to body, reminiscent of prehensile appendages of some isopods. The position of pereiopods II-IV close to carapace may be artifact of preservation, so that their life position may not be represented. Missing proximal articles may have placed terminations at distance from carapace much more like that of pereiopod V. Dactyli markedly falciform, propodi moderately inflated. Medial surfaces of dactyli serrate. Pereiopod V borne laterally, much longer than pereiopods II-IV. Podomeres difficult to differentiate, but it appears that propodus is very long, slender, carpus long, slender, approximately the same length as propodus ( Fig. 2C,  D; 4) . Dactylus falciform, less strongly hooked than that of II-IV.
Sternal field triangular in outline, with as many as 7 sternites preserved like that of achelatan. Individual sternites trapezoidal in outline, with raised margins (Fig. 5C, D) . Sternites serially increase in size posteriorly. Well preserved coxal articulations not observed.
Pleonites I-V with markedly triangular pleurites (Fig. 8A, D) . Pleonite I reduced, approximately 1/2 axial length of pleonites II-VI. Pleonite VI roughly quadrangular in outline, slightly invaginated along posterior boundary, slightly posterior to posterolateral corners, reflecting articular surface of telson, uropods (Fig. 8D) . Anterior, lateral, posterior boundaries of all 6 pleonites with slightly raised border (Fig. 8A, D) . Tergites, pleurites distinct, separated by slightly recessed, axially oriented, articulation mesolateral. All 6 pleonites with posteriad process on posterior margin, slightly lateral to tergite-pleurite articulation, slight invagination on posterior margin, slightly lateral to posteriad process. Cuticle on pleon unornamented. Telson lanceolate, posterior, lateral margins unornamented. Cuticle smooth. Axial dorsal surface slightly, gently sulcate (Fig. 9A, B) .
Uropods composed of narrow, oblong exopod, wide, roughly cuneate endopod (Fig. 9A, B ). Diaereses absent. Endopod approximately 4× width of exopod ( Fig. 9B) . A well-preserved uropodal protopod not observed. Endopod fringed by sub-millimeterscale, longitudinally oriented grooves, ridges, occupying approximately 1/3 axial length. Groove, ridge orientation slightly oblique, fringing posterior, posterolateral margins. Endopod slightly folded along its axis with fold corresponding to slightly raised dorsal ridge (Fig. 9B) .
Occurrence: Late Devonian (Famennian), Chagrin Shale Member of the Ohio Shale, Ashtabula, Cuyahoga, Geauga, and Lake counties, OH, USA; Late Devonian (Famennian), Maple Hill Shale, Burlington, IA, USA; Late Devonian (Famennian), Gowanda Formation, Alfred Station, NY, USA; lower Mississippian, New Providence Formation, Boyle County, KY, USA.
Remarks: Schram et al. (1978) observed that Palaeopalaemon exhibits a plexus of characters reminiscent of numerous decapod infraorders. The new morphological information contained herein, based on specimens that were not available to Schram et al. (1978) , renders Palaeopalaemon all the more enigmatic.
The presence of a hypertrophied, pseudochelate pereiopod I and subchelae on pereiopods II-IV is similar to the arrangement of the pereiopods present in glypheoid lobsters (Karasawa et al., 2013; Feldmann et al., 2015) . The presence of a claw, although poorly developed, on pereiopods I-IV, however, is also reminiscent of polychelid lobsters (Karasawa et al., 2013; Feldmann et al., 2013b) . The morphology of maxilliped?III differs greatly from that of any other known decapod (see below).
The complex carapace groove pattern is consistent with that of several glypheidean superfamilies (Karasawa et al., 2013; Feldmann et al., 2015) . Presence of a well-defined, medial-dorsal keel is consistent with that of a glypheidean or polychelid, although a strong medial carina is more characteristic of a polychelid (Feldmann et al., 2013b; Karasawa et al., 2013) . The smooth branchial carina is also more characteristic of a polychelid (Feldmann et al., 2013b; Karasawa et al., 2013) , although a serrate branchial carina can also be present in achelatans, e.g. Linuparus White, 1847 . The thoracic sternal field is triangular, like that of an achelatan , although that sternal arrangement has been shown to be convergent in apparently unrelated Paleozoic-Holocene eumalacostracans (Schram, 1974) .
The strongly demarcated tergum-pleuron boundaries of the pleonites are similar to those of polychelid, glypheoid, and erymoid lobsters (Feldmann et al., 2013b Karasawa et al., 2013) . The presence of a lanceolate telson, although plesiomorphic in decapods, is a distinctly polychelidan character among the lobsters (Scholtz & Richter, 1995; Feldmann et al., 2013b; Karasawa et al., 2013) , as is the absence of a uropodal exopod diaeresis (Feldmann et al., 2013b) . Placing Palaeopalaemon in a particular decapod infraorder using a comparative approach is difficult. Palaepalaemon nevertheless exhibits a number of features reminiscent of polychelids, in addition to resolving as the sister group to Polychelida in our analysis.
Pectinate appendages in malacostracans
One of the most intriguing features of Palaeopalaemon is the presence of a conspicuously large, pectinate maxilliped III ( Figs. 2A,  B, G, H; 4; 7A, B) . This maxilliped is similar to the appendage interpreted as maxilliped I of Angustidontus seriatus Cooper, 1936 by Rolfe & Dzik (2006 (Fig. 10F) . Rolfe & Dzik (2006) and Gueriau et al. (2014) recognized the similarity of maxilliped I in Angustidontus and what is herein considered to be maxilliped III of Palaeopalaemon. Rolfe & Dzik (2006) also recognized the similarity of those appendages to the apparent giant gnathopod of Palaemysis dunlopi Peach, 1908, but asserted that the spinose portion in P. dunlopi is a modified antennal flagellum.
The pectinate appendage of Palaemysis dunlopi differs from that of Palaeopalaemon in being composed of at least three basal articles, followed by an apparently multiarticulate section with a terminal spine (Clark, 1991) (Fig. 10B ). This arrangement is reminiscent of the thoracopodal endopods of Heteromysis Smith, 1873 spp., in which the carpus and propodus are fused to form an often multiarticulate carpopropodus with a terminal spine (Tattersall, 1967) (Fig. 10A) , and suggests that the appendage is a thoracopod, not part of the antenna. It is unclear which thoracopod it belongs to. The extremely robust antennules, slender posteriorly directed antennae, and cleft telson of Palaemysis suggest a close affinity to Heteromysini Norman, 1892.
Overall similar pectinate appendages are present in several decapod taxa, including Ctenocheles balssi Kishinouye, 1926 (Axiidea) ; the nephropids Oncopareia spp., Thaumastocheles spp., Hoploparia spp., and Acanthacaris spp. as well as Palaeopentacheles (Polychelida) (see Tshudy & Sorhaunus, 2000) (Fig. 10D ).
In these decapod taxa, the pectinate appendage differs from that of Palaeopalaemon, Angustidontus, and Palaemysis because it is composed of a dactyl occluding with a corresponding propodus, forming a claw. Despite this difference in gross morphology, the denticulation of both the dactyli and propodi of decapods with pectinate claws is similar to that of the ornamentation of maxilliped III in Palaeopalaemon (see Tshudy & Sorhaunus, 2000: fig. 2 ). Maxilliped III of aegerid dendrobranchiate shrimps exhibits overall similarity to maxilliped III of Palaeopalaemon, although in aegerids the denticles are articulated rather than fixed (Fig. 10H) . The maxilliped III of the stenopodid Macromaxillocaris bahamaensis Alvarez, Iliffe & Villalobos, 2006 is also somewhat similar to maxilliped III of Palaeopalaemon (Fig. 10G) .
Also, strikingly similar to the maxilliped III of Palaeopalaemon is the maxilliped II dactylus of spearing stomatopods, which differs from that of Palaeopalaemon because the dorsal surface of the dactylus often occludes with the anterodorsal surface of the propodus, which also bears a series of spinose denticles (see Ahyong, 1997) (Fig. 10E) . Additionally, the "jack knife" hinge mechanism of the raptorial maxillipeds of stomatopods differs greatly from the hinge Figure 10 . Pectinate claws similar to those of Palaeopalaemon newberryi. endopods of the third and fourth thoracic appendages of Heteromysis formosa Smith, 1873 (after Tattersall, 1951 (A); maxilliped of Palaemysis dunlopi Peach, 1908 (after Clark, 1991 , arrow indicates a portion of an antenna from another specimen (B); raptorial appendage of an unidentified mantid insect (after Waterhouse, 1909) (C); pereiopod I of Palaeopentacheles roettenbacheri (Münster, 1839) (after Glaessner, 1969) (D) ; second maxilliped of Heterosquilla tricarinata (Claus, 1871) (after Ahyong, 1997) (E); maxillipeds of Angustidontus seriatus (after Rolfe & Dzik, 2006) ; scale bar = 10 mm (F); third maxilliped of Macromaxillocaris bahamaensis, after Alvarez et al. (2006) mechanism observed in Palaeopalaemon, and also moves in the ventral-dorsal direction, whereas that of Palaeopalaemon seems to have moved in the dorsal-ventral direction. Despite this, the gross morphology of maxilliped II in spearing stomatopods is remarkably similar to that of the pectinate segment of maxilliped III in Palaeopalaemon.
The tibia of the raptorial appendage of mantid insects bears great similarity to the pectinate maxilliped segment of Palaeopalaemon (Fig. 10C) . The tibia of mantid insects bears a serrate margin composed of a series of discrete denticles that decrease in size proximally along the length of the tibia. The tibia of mantids also bears a distinctly elongated terminal spine that is strikingly similar to the dactylus? of the third maxilliped in Palaeopalaemon.
Van Roy & Tetlie (2006) described a partial segment of an arthropod appendage from the Ordovician Fezouata Biota of Morocco and described the species Pseudoangustidontus duplospineus Van Roy & Tetlie, 2006 based on that material. This appendage bears some similarity to the pectinate maxilliped of Palaeopalaemon. The denticulation of the anterior? half of the appendage, however, is forked. It is uncertain whether or not this appendage is attributable to a malacostracan or even a crustacean.
Pectinate appendages bearing remarkable similarity to that of Palaeopalaemon have thus evolved convergently in numerous eumalacostracan taxa as well as in mantid insects. The denticulation pattern observed in Palaeopalaemon and Angustidontus bears the greatest similarity to that of decapod taxa with pectinate claws, but bears the greatest similarity in gross form to that of mantid insects. Given the number of times that this morphology has apparently evolved convergently, it seems to be uninformative from a phylogenetic perspective.
The function of pectinate appendages and pereiopods (always pereiopod I) in decapod taxa is not entirely clear (Tshudy & Sorhannus, 2000) . It has been observed that many decapods with pectinate appendages inhabit offshore, low energy, aphotic environments and that the preponderance are burrowers (Tshudy & Sorhannus, 2000, and references. therein) . Tshudy & Sorhannus (2000) provided a summary of what is known about these claws, including hypotheses about their function either for raking or sieving sediment for infaunal prey (Green, 1961; Feldmann & Tshudy, 1990) or for ambush predation (Jenkins, 1972) . The sieving/raking hypothesis certainly seems plausible in decapod taxa with pectinate appendages and is supported by the recognition of a trace fossil made by Aeger spp., preserving rake-like marks in the sediment Figure 11 . Environmental occurrences of decapods with pectinate claws. Number of species on the Y-axes. Environmental classification follows Feldmann (2014, 2015) . (Schweigert & Dietl, 2007) . It is possible that Palaeopalaemon used its pectinate appendage in this way but thus far no trace fossils support this interpretation.
To identify trends in the depositional environments in which taxa with pectinate appendages are preserved, we compiled the depositional environments of all decapod species with pectinate appendages, as well as Angustidontus (Schweitzer & Feldmann, 2014 . These included species of Ctenocheles Kishinouye, 1926; Dinochelus Ahyong et al., 2010; Thaumastocheles Wood-Mason, 1874; Hoploparia McCoy, 1849; Oncopareia Bosquet, 1854; Aegeridae Burkenroad, 1963; Palaeopalaemon Whitfield, 1880; and Palaeopentacheles von Knebel, 1907 . Eighty-one percent of occurrences of these taxa were in low energy depositional environments, mostly in mudstone and carbonate muds (Fig. 11 ). This supports previous assertions (Tshudy & Sorhannus, 2000; Schweigert & Dietl, 2007) that pectinate appendages may serve as feeding appendages in soft sediment.
Are Angustidontus and Palaeopalaemon closely related? Rolfe & Dzik (2006) suggested that Palaeopalaemon and Angustidontus spp. are closely related based on their remarkable similarities. Both Palaeopalaemon and Angustidontus also characteristically occur in Late Devonian (Famennian) gray and black shale sequences (Rolfe & Dzik, 2006; Gueriau et al., 2014) . Based on the available evidence, however, these similarities seem to be convergent and thus not meaningful from a phylogenetic perspective.
The carapace of Angustidontus, as figured by Rolfe & Dzik (2006) , appears to bear medial, branchial, and lateral carinae, similar to that of Palaeopalaemon. The groove patterns (although the specimens figured are poorly preserved), however, seem to differ from those of Palaeopalaemon. Angustidontus appears to lack the deeply incised gastroorbital groove and distinct branchiocardiace groove present in Palaeopalaemon and instead appears to bear only a wide cervical groove (Rolfe & Dzik, 2006: figs. 1, 16) . Furthermore, the anterolateral corners do not seem to be as distinct as those of Palaeopalaemon, and the rostrum seems to be rather short in Angustidontus. The similarity of the carapace of Angustidontus to that of Palaeopalaemon is thus interpreted to be convergent, rather than phylogenetically meaningful. Non-decapod taxa, such as tealliocarids (Peracarida), also bear a similar pattern of carinae on the carapace.
The form of the thoracic appendages of Angustidontus, although grossly similar to those of Palaeopalaemon, also seems to be convergent. Pereiopods I-III of Angustidontus bear great similarity to pereiopods II-IV of Palaeopalaemon (Rolfe & Dzik, 2006: figs. 7b, 8, 16) . Rolfe & Dzik (2006) , however, convincingly demonstrated that these represent thoracopods II-IV of Angustidontus, whereas, pereiopods II-IV of Palaeopalaemon are interpreted to represent thoracopods IV-VI. Angustidontus also lacks the hypertrophied, pseudochelate pereiopod I present in Palaeopalaemon and bears seven ambulatory thoracopods (Rolfe & Dzik, 2006: figs. 7b, 8, 16) . It should be noted that Gueriau et al. (2014) reported two pairs of pectinate maxillipeds in Schramodontus labasensis Gueriau, Charbonnier & Clément, 2014 (Angustidontida) . The preservation of the mouth region of these specimens is incomplete, and confident interpretation is difficult at present. The pectinate thoracopods of Palaeopalaemon and Angustidontus are interpreted to be convergent, considering the number of times that similar morphology has evolved convergently within the arthropods.
The pleonites of Angustidontus, as figured by Rolfe & Dzik (2006) also seems to lack the distinct tergum-pleuron boundaries present in Palaeopalaemon. The pleonal pleurites of Angustidontus are also much rounder than those of Palaeopalaemon (Rolfe & Dzik, 2006, fig. 4a ). The uropods of Angustidontus appear to differ from those of Palaeopalaemon, which exhibits a very wide uropodal endopod, and narrow, markedly spatulate uropodal exopod. The preponderance of evidence thus suggests that Angustidontus and Palaeopalaemon are not synonymous, but rather convergent in ways that result in the two taxa exhibiting remarkable gross similarity. Although less likely, examination of more complete and better-preserved specimens of Angustidontus may result in Angustidontus being placed in synonymy with Palaeopalaemon.
Functional morphology and life habit
Meaningful inferences about life habits of extinct organisms are challenging, especially when organisms have few or no closely related extant analogues. Inference about the life habit of Palaeopalaemon can nevertheless be made based on its morphology and trace fossil evidence from the Chagrin Shale Member of the Ohio Shale .
The cylindrical carapace of Palaeopalaemon is suggestive of a benthic, rather that pelagic life habit. Pelagic shrimp-like decapods, such as most penaeoid dendrobranchs, euphausiaceans, and mysids, generally exhibit a markedly laterally compressed carapace. In contrast, caridoid crustaceans exhibiting a benthic life habit, such as lobsters, some benthic carideans, such as species of Macrobrachium Bate, 1868, and Lysmata Risso, 1816, as well as stenopodids, tend to exhibit a cylindrical or subcylindrical carapace.
When swimming, caridoid malacostracans, employ the pleopods or a combination of the pleopods and thoracopodal exopods, which beat in a metachronal wave (Hessler, 1985) , with the thoracopodal endopods tucked in against the body. This habit is often reflected by the retention of long, robust thoracopodal exopods, as can be seen in Gnathophausia Willemöes-Suhm, 1873 spp. (Hessler, 1985) and Procaris Chace & Manning, 1972 spp. Although swimming exopods seem to have a low preservational potential, they are sometimes preserved in the fossil record, as is the case in fossils of Tealliocaris spp. from the Mississippian of Scotland (see Briggs & Clarkson, 1985) . No evidence of robust thoracopodal exopods exists in the specimens we examined. This may reflect the absence of swimming exopods, but may also be a preservational artifact. This line of inquiry is thus inconclusive.
Other generalizations can be made about thoracopods of primarily swimming versus primarily walking caridoid taxa. Thoracopodal endopods of primarily walking taxa may be shorter, more robust, and more heavily sclerotized than those of swimming taxa (Fryer, 1977; Bauer, 2004) . The pereiopods of primarily swimming taxa are often too delicate and weak to support the body weight (Bauer, 2004) . Another generalization is that walking thoracopods tend to be borne laterally, as seen in brachyurans and most lobster-like taxa. This relationship is well-demonstrated by the comparison of body plans of freshwater atyids from Dominica by Fryer (1977) . The pereiopods II-V of Palaeopalaemon, although rarely preserved, appear to be quite robust and were probably relatively heavily sclerotized, as evidenced by their similar mode of preservation to the carapace and pleon. Pereiopods II-V also appear to have been borne laterally (Fig. 2C-D) . Pereiopod V in particular appears to have been in a wide lateral position.
Possible trace fossil evidence of Palaeopalaemon behavior is also present in the Chagrin Shale Member of the Ohio Shale, from which most specimens, including the type series, have been collected. Feldmann et al. (1978) interpreted Chagrinichnites brooksi Feldmann, Osgood, Szmuc & Meinke, 1978 from the Chagrin Shale Member of the Ohio Shale to represent a resting trace of a crustacean, suggesting Palaeopalaemon as a possible trace maker. Hannibal & Feldmann (1983) suggested that Chagrinichnites osgoodi Hannibal & Feldmann, 1983 represents the escape burrow of an echinocarid phyllocarid. The morphology of Chagrinichnites brooksi is suggestive of Palaeopalaemon being the tracemaker. Specimens of C. brooksi commonly exhibit an apparent pereional region with distinct pereiopod marks, including enlarged, anteriorly-directed impressions that appear to correspond to the positions of the third maxilliped and pereiopod I of Palaeopalaemon (Fig. 12) (Feldmann et al., 1978: figs. 2-4) .
Some Chagrinichnites brooksi specimens also exhibit apparent pleon impressions ( Fig. 12) (Feldmann et al., 1978: text-figs. 2, 4) that are consistent in shape and form with the pleonites of Palaeopalaemon. This is particularly apparent in AMNH 36119 (Feldmann et al., 1978: text-figs. 2, 4) , in which discrete pleonite impressions bear a pair of mediolateral ridges that may represent the distinct tergum-pleuron boundary present in Palaeopalaemon. This view was accepted by Seilacher (2007: 68 ). An alternative interpretation of C. brooksi is that the discrete marks and drag marks interpreted above to represent thoracic sternite and pleonite impressions of Palaeopalaemon represent impressions and drag marks of echinocarid phyllocarid pleonal spines, and that the impressions interpreted to represent the first maxilliped and pereiopod, respectively, were produced by the telson of the echinocarid, i.e., that the above interpretation is backwards.
The preponderance of evidence favors Palaeopalaemon having been benthic, rather than pelagic. The heavy sclerotization and apparent lateral position of the legs of Palaeopalaemon are most consistent with it having been benthic. Furthermore, the cylindrical carapace form is consistent with that of a benthic form. Chagrinichnites brooksi traces from the Chagrin Shale Member of the Ohio Shale, of which Palaeopalaemon may be the tracemaker, demonstrate that an animal similar in form to Palaeopalaemon made contact with, if not dwelled on, the seafloor.
Another line of evidence for Palaeopalaemon most likely being benthic is phylogenetic in nature. Palaeopalaemon, based on past observations (e.g., Schram et al., 1978) , our observations, and the results of our phylogenetic analysis, apparently was a lobster. Although lobsters exhibit an incredible degree of diversity and morphological disparity, they are universally benthic upon reaching maturity. This is consistent with the above evidence and further suggests that Palaeopalaemon exhibited a benthic habit.
